For accurate diagnosis and prognostic prediction of acquired brain injury (ABI), it is crucial to understand the neurobiological mechanisms underlying loss of consciousness. However, there is no consensus on which regions and networks act as biomarkers for consciousness level and recovery outcome in ABI. Using resting-state fMRI, we assessed intrinsic functional connectivity strength (FCS) of whole-brain networks in a large sample of 99 ABI patients with varying degrees of consciousness loss (including fully preserved consciousness state, minimally conscious state, unresponsive wakefulness syndrome/vegetative state, and coma) and 34 healthy control subjects. Consciousness level was evaluated using the Glasgow Coma Scale and Coma Recovery Scale-Revised on the day of fMRI scanning; recovery outcome was assessed using the Glasgow Outcome Scale 3 months after the fMRI scanning. One-way ANOVA of FCS, Spearman correlation analyses between FCS and the consciousness level and recovery outcome, and FCS-based multivariate pattern analysis were performed. We found decreased FCS with loss of consciousness primarily distributed in the posterior cingulate cortex/ precuneus (PCC/PCU), medial prefrontal cortex, and lateral parietal cortex. The FCS values of these regions were significantly correlated with consciousness level and recovery outcome. Multivariate support vector machine discrimination analysis revealed that the FCS patterns predicted whether patients with unresponsive wakefulness syndrome/vegetative state and coma would regain consciousness with an accuracy of 81.25%, and the most discriminative region was the PCC/PCU. These findings suggest that intrinsic functional connectivity patterns of the human posteromedial cortex could serve as a potential indicator for consciousness level and recovery outcome in individuals with ABI.
Introduction
Understanding the neurobiological mechanisms underlying loss of consciousness is essential for the diagnosis, treatment, and prognosis of acquired brain injury. Based on preclinical experiments and clinicopathological observations, the thalamocortical system has been considered crucial to consciousness (Zeman, 2001; Laureys et al., 2004; Långsjö et al., 2012; Schiff et al., 2014) . However, there is no consensus on the key brain regions and corresponding networks that are essential to consciousness. Thus, the first goal of the current study was to investigate the neural mechanisms underlying consciousness by comparing a large cohort of acquired brain injury patients with varied levels of consciousness [fully preserved consciousness state (PC), minimally conscious state (MCS), unresponsive wakefulness syndrome (UWS)/vegetative state (VS), and coma] to healthy control subjects (CONs). Furthermore, it is important to accurately evaluate the consciousness status of acquired brain injury patients at early stages and to predict whether these patients will regain consciousness. Knowledge of the prognosis of acquired brain injury in its early phases would facilitate the optimization of treatment strategies and decision making with regard to withdrawing life-supporting measures if an unfavorable outcome is anticipated. Therefore, our second goal was to predict recovery outcome and promote early prognoses of favorable outcome.
Resting-state fMRI has emerged as a powerful tool for mapping intrinsic functional connectivity of the human brain, especially in clinical populations with low cooperation with task performance, such as patients with loss of consciousness (Sharp et al., 2014) . Resting-state fMRI studies have demonstrated that hubs in the brain, which have high functional connectivity strength (FCS) and high rates of cerebral blood flow and glucose metabolism (Liang et al., 2013; Tomasi et al., 2013) , serve to integrate diverse information sources (Achard et al., 2006; Buckner et al., 2009; Bullmore and Sporns, 2009; He and Evans, 2010; van den Heuvel and Sporns, 2013) . These brain hubs are predominantly located in regions of the default mode network (DMN), including the posterior cingulate cortex (PCC)/precuneus (PCU), the medial prefrontal cortex, and the lateral temporal and parietal cortices (Raichle et al., 2001) .
A theoretical framework based on information theory suggests that consciousness corresponds to the ability of the brain to integrate information (Tononi, 2004; Tononi and Koch, 2008) . Several small-sample, resting-state fMRI studies using seedbased functional connectivity and independent component analysis have consistently shown that patients with acquired brain injury experience disrupted functional connectivity in the DMN, mainly in the PCC/PCU (Boly et al., 2009; Norton et al., 2012) , a major hub node of the brain. Recently, another small-sample, resting-state fMRI study based on graph theory showed functional reorganization of hub regions in coma patients; cortical regions (e.g., PCU) that were major hubs of healthy brain networks had typically become non-hubs in comatose brain networks (Achard et al., 2012) . On the basis of these studies, we hypothesized that FCS in brain hubs, such as the PCC/PCU, would be disrupted with varying degrees of consciousness loss, and that this disruption would serve as a potential biomarker for consciousness level and a predictor of recovery outcome in acquired brain injury.
Materials and Methods
Participants. The acquired brain injury patients were all recruited from the Neurosurgical Department, Huashan Hospital, Fudan University, and related rehabilitation hospitals of Huashan Hospital from February 2010 to August 2013. One hundred sixty-seven right-handed participants, including 133 patients with acquired brain injury and 34 healthy control subjects, participated in this study. Participants were excluded if they had any of the following clinical conditions: (1) a history of psychiatric or neurological illness before experiencing disorders of consciousness; (2) a history of medically documented brain injury; (3) a history of psychoactive drug consumption; and (4) current or previous drug or alcohol abuse. Thirty-four acquired brain injury patients were excluded due to excessive head motion during the functional scanning or excessive deformation in brain structure, leading to failure in spatial normalization (8 PC, 10 MCS, 11 UWS/VS and 5 COMA). The remaining 99 acquired brain injury patients and 34 control subjects were included in further analyses. Please refer to the Data preprocessing section for details of the patient exclusion procedure.
Patients were categorized into the following four subgroups (Schnakers, 2012): (1) PC group (40 patients; 24 males; mean age, 40.4 Ϯ 13.6 years), comprising patients who were able to communicate and had experienced brain injury, which was confirmed by cranial MRI and computer tomography scan; (2) MCS group (27 patients; 22 males; mean age, 42.5 Ϯ 14.0 years), characterized by arousal/spontaneous eye-opening, fluctuating but reproducible behavioral signs of awareness, response to verbal orders, environmentally contingent smiling or crying, object localization and manipulation, sustained visual fixation and pursuit, verbalizations, intentional but unreliable communication, and emergence from MCS (ie, functional communication and functional object use; Giacino et al., 2002) ; (3) UWS/VS group (18 patients; 13 males; mean age, 42.0 Ϯ 15.2 years), characterized by no evidence of awareness of self or environment and an inability to interact with others; no evidence of sustained, reproducible, purposeful, or voluntary behavioral responses to visual, auditory, tactile, or noxious stimuli; no evidence of language comprehension or expression; intermittent wakefulness manifested by the presence of sleep-wake cycles; sufficiently preserved hypothalamic and brain stem autonomic functions to permit survival with medical and nursing care; bowel and bladder incontinence; and variably preserved cranial nerve reflexes (pupillary, oculocephalic, corneal, vestibulo-ocular, and gag) and spinal reflexes (The Multi-Society Task Force on PVS, 1994); and (4) the coma group (14 patients; 10 males; mean age, 45.1 Ϯ 13.8 years), characterized by no arousal/eye-opening, no behavioral signs of awareness, impaired spontaneous breathing, impaired brainstem reflexes, and no vocalizations of Ͼ1 h (Plum and Posner, 1966) .
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Data acquisition. All participants were scanned using a 3 tesla Siemens Verio scanner with a 12-channel head coil in Huashan Hospital, Fudan 14.0 Ϯ 1.8 9.3 Ϯ 0.6 7.7 Ϯ 1.2 6.6 Ϯ 1.4 <0.001 CRS-R score 21.5 Ϯ 3.2 10.0 Ϯ 2.9 4.5 Ϯ 1.4 3.6 Ϯ 1.8 <0.001 GOS score 4.3 Ϯ 0.9 3.0 Ϯ 0.8 2.4 Ϯ 0.6 2.6 Ϯ 0.8
<0.001
Values are reported as the mean Ϯ SD, unless otherwise indicated. ABI, acquired brain injury; F, female; M, male. p values Ͻ0.05 are labeled in bold.
University. Resting-state fMRI images were collected using an echoplanar imaging sequence (TR ϭ 2000 ms; TE ϭ 35 ms; flip angle ϭ 90°; number of slices ϭ 33; slice thickness ϭ 4 mm; gap ϭ 0 mm; matrix ϭ 64 ϫ 64). The participants were scanned with the following two in-plane resolutions due to different field-of-view selections by different MRI scanner operators: (1) in-plane resolution ϭ 4 ϫ 4 mm 2 in 19 CONs, and 24 PC, 18 MCS, 14 UWS/VS, and 7 coma patients; and (2) in-plane resolution ϭ 3.281 ϫ 3.281 mm 2 in 15 CONs, and 16 PC, 9 MCS, 4 UWS/VS, and 7 coma patients. During the data acquisition, participants lay quietly in the scanner. The resting-state fMRI scanning lasted for 400 s and resulted in 200 volumes for each participant. The healthy control subjects and communicative acquired brain injury patients were instructed to keep their eyes closed during the resting-state fMRI scan. A set of T2-weighted images was acquired from each participant to assess focal brain injury using the following parameters: TR ϭ 6670 ms; TE ϭ 95 ms; flip angle ϭ 90°; matrix ϭ 256 ϫ 256; number of axial slices ϭ 33; thickness ϭ 4 mm and voxel size ϭ 1 ϫ 1 ϫ 4 mm 3 . The T2 images were reviewed by a senior neuroradiologist.
Data preprocessing. Resting-state fMRI data were preprocessed using the Analysis of Functional NeuroImages software package (Cox, 1996) , Statistical Parametric Mapping (Wellcome Department of Imaging Neuroscience, University College London, London, UK), and Matlab (MathWorks). The preprocessing steps for the restingstate fMRI data included removal of the first four volumes, slice timing and head motion correction, spatial normalization to a template at the Montreal Neurological Institute space, linear trend removal, nuisance signal regression, temporal bandpass filtering (0.009 -0.08 Hz), and spatial smoothing with a 6 mm Gaussian kernel . During nuisance signal regression, 30 regressors, including 24 head motionrelated regressors derived by Volterra expansion (Friston et al., 1996) , 3 tissue-based average signals from CSF, white matter, and whole-brain and first derivatives of tissue-based signals, were regressed out.
Framewise displacement of head movement was evaluated with the sum of the absolute values of the six motion parameter derivatives, as follows:
where
The rotational displacements were converted from radians to millimeters by calculating the displacement on the surface of a sphere of radius 50 mm Liang et al., 2013) . To moderate the effects of head motion on estimates of functional connectivity, we censored volumes within each participant's restingstate fMRI time series that were associated with sudden head motion (i.e., the volumes with FD i Ͼ0.5 mm). To minimize the influence of head motion, we further excluded subjects whose FD ϭ 1 N Ϫ 1 ¥FD i Ͼ 0.25 mm or total length of data were Ͻ4.5 min (135 TRs) after "scrubbing." Of the 133 acquired brain injury patients, 94 (70.7%) had volumes that underwent scrubbing. Twenty-one acquired brain injury patients with average framewise displacement Ͼ0.25 mm or volumes of data Ͻ135 after motion censoring were excluded from further analyses. Thus, 112 acquired brain injury patients were included in subsequent analyses. Though data from 16 of the 34 control subjects (47.1%) were motion censored according to the above criteria, none of them were excluded. Data from 13 acquired brain injury patients failed to meet spatial normalization criteria and were excluded from further analyses. After data preprocessing, we had resting-state functional scans from 99 acquired brain injury patients and 34 CONs, and there was no significant difference in average framewise displacement between the patient and control groups. Of note, after temporal scrubbing, the number of volumes left for FCS analysis varied across subjects and was dependent upon the motion curves for each subject. We observed a significant main effect of group on volume number across five groups ( p ϭ 0.005), whereby MCS and UWS/VS patients had fewer volumes than CONs. In the following section, we controlled the motion effect in our validation analyses and showed that when data for all participants were cut to the same length, our main findings were minimally changed.
Network construction. We constructed graphs at a voxel level, where nodes represented brain voxels and edges represented intervoxel functional connectivity. The time series for each voxel was extracted from the preprocessed resting-state fMRI data to calculate a correlation matrix r ϭ (r i,j ); 1 Յ i Յ N; 1 Յ j Յ N (N is the number of voxels), where r i,j is the temporal Pearson's correlation of time series between the ith and jth voxels and measures the similarity of resting-state fMRI signal between the two voxels. A threshold of correlation, r 0 , was estimated with Bonferroni corrected p ϭ 0.05 [i.e., original p ϭ 0.05/(N ‫ء‬ (N Ϫ 1)/2)]. It was used to threshold the correlation matrix into an adjacency matrix A ϭ (a i,j ); 1 Յ i Յ N; 1 Յ j Յ N, as follows:
To exclude artifactual correlations from non-gray matter voxels, we restricted our voxelwise connectivity strength analyses to a predefined gray matter mask with gray matter tissue probability of Ͼ20%. The gray matter tissue probability template was released as a part of tissue priors in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8). Functional connectivity strength analysis. We computed the weighted FCS for each nodal voxel, which was defined as the sum of weights from edges connecting to a given node. According to the adjacency matrix of a graph, FCS can be computed by Equation 3. FCS has been widely used to examine node characteristics of resting-state networks (Buckner et al., 2009; Bullmore and Sporns, 2009; Cole et al., 2010; Wang et al., 2011; Zuo et al., 2012) and has a demonstrated close relationship with cerebral blood flow (Liang et al., 2013) and cerebral metabolic rate of glucose (Tomasi et al., 2013) .
Weighted FCS was adopted for our main analyses, as weighted networks were numerically more reliable in the face of noise in functional connec- , and coma (E) groups. FCS maps of individual participants were standardized to z-scores and then averaged within each group. A hot color represents higher FCS than the global mean, and a cold color represents lower FCS than the global mean. All of the results were mapped onto the cortical surfaces using in-house BrainNet viewer software (Xia et al., 2013) .
tivity (Wang et al., 2011) , and FCS values were standardized to z-scores before statistical analysis (Liang et al., 2013) . Statistical analysis. To test main group differences, one-way ANOVA of the FCS was conducted for the five groups (CONs, and PC, MCS, UWS/VS, and coma patients). The effects of age, gender, resolution type, number of volumes remaining, and average framewise displacement after motion scrubbing were regressed out before ANOVA. Spearman's correlation coefficient was calculated to assess the relationships between FCS and the consciousness level, using both the GCS and CRS-R, in all the acquired brain injury patients. To test whether FCS could correlate with recovery outcome, Spearman's correlation analysis was performed on recovery outcome values indexed by the GOS. The effects of age, gender, resolution type, number of volumes remaining, average framewise displacement after motion scrubbing, and time elapsed before fMRI after injury were controlled for before the Spearman's correlation analysis. We used a standard approach implemented in AFNI (AlphaSim; 10,000 Monte Carlo simulations) to correct for multiple comparisons (Forman et al., 1995; Zou et al., 2013) . By iterating the process of random image generation, spatial correlation of voxels, thresholding, and cluster identification, the AlphaSim program provides an estimate of the overall significance level achieved for various combinations of individual voxel probability threshold and cluster size threshold (Forman et al., 1995) . Using this program, a corrected significance level of p Ͻ 0.05 for the resultant statistical maps was obtained by clusters with a minimum number of 84 voxels at an uncorrected individual voxel height threshold of p Ͻ 0.05. This multiple comparisons correction approach was consistently applied to all the statistical analyses, including the one-way ANOVA and Spearman's correlation analysis.
Multivariate support vector machine discrimination analysis. Three months after the MRI scanning, the GOS was rated for each patient. Patients with a GOS score of no less than 3 were defined as awakened, while those with a GOS score of Ͻ3 were defined as nonawakened. To further investigate whether patients in UWS/VS and coma states who had awakened (GOS score of Ն3) within 3 months of the fMRI scanning could be differentiated from those who did not awaken (GOS score of Ͻ3), we performed multivariate pattern analysis on FCS using a support vector machine approach. This analysis included the following two main steps: feature selection and multivariate classification. The generalization performance of the classifier was evaluated using a leave-one-out crossvalidation (LOOCV) scheme. Feature selection is an effective way to identify relevant features with the greatest discriminative power for classification, which improves the final classification performance (Dosenbach et al., 2010; Dai et al., 2012) . In this study, features with significant differences ( p Ͻ 0.05, uncorrected) both between the awakened and nonawakened patients and among the five groups in the training set (with a test UWS/VS or coma patient excluded in each iteration of the LOOCV) were selected. Notably, feature selection was always performed on the training data only, which avoided overfitting of the classifier. Thus, the features selected were slightly different from iteration to iteration of the LOOCV. A linear support vector machine was used for classification that allows direct extraction of the discriminating weight for each region (Ecker et al., 2010) . The LIBSVM toolbox for MatLab was used to perform the classification (https://www.csie.ntu.edu.tw/~cjlin/ libsvm/). A discrimination map was generated for each LOOCV iteration, and a final discrimination map showing the most discriminative features was obtained by averaging the discrimination maps across all iterations. During each LOOCV iteration, we determined whether the test sample was correctly predicted based on the multivariate classifier using the training data. Accuracy, sensitivity, and specificity were calculated to quantify the performance of the classifier for all 32 iterations of the LOOCV. Sensitivity denotes the ratio of nonawakened patients correctly predicted, while specificity represents the proportion of awakened patients correctly predicted. The ratio of all correctly predicted patients was quantified for accuracy. Notably, the effects of age, gender, resolution type, number of volumes remaining, average framewise displacement after motion scrubbing, and time elapsed before fMRI after injury were controlled for before the multivariate pattern analysis. Furthermore, a more detailed analysis was performed using leave-two-out cross-validation (LTOCV). Of note, the LTOCV resulted in a smaller sample size (N Ϫ 2; i.e., 30 in the The largest region was composed of multiple brain areas and was decomposed into several subregions, including the right anterior insula, left inferior temporal gyrus, right inferior temporal gyrus, left medial temporal lobe, right medial temporal lobe, left basal ganglia, right basal ganglia, and right orbital frontal cortex. B, Fingerprint plots of the mean fitted FCS (FCS with covariates such as the age and gender removed) across the five groups for each of the regions that showed main group effects. Regions overlapping the DMN are labeled in blue, while those overlapped with the SN/ECN were labeled in cyan. Other regions that showed increased FCS with decreased consciousness were labeled in red. C-L, Post hoc comparisons of 10 pairs of groups ( p Ͻ 0.05 corrected). Two-sample t-maps highlighting the difference between PC patients and CONs (C), MCS patients and CONs (D), UWS/VS patients and CONs (E), coma patients and CONs (F ), MCS and PC patients (G), UWS/VS and PC patients (H ), coma and PC patients (I ), UWS/VS and MCS patients (J ), coma and MCS patients (K ), and coma and UWS/VS patients (L) are shown. To note, there was no significant difference between UWS/VS and MCS patients (J ), between coma and MCS patients (K ), or between coma and UWS/VS patients (L). LIPL, Left inferior parietal lobule; MPFC, medial prefrontal cortex, LIPS, left intraparietal sulcus; RIPS, right intraparietal sulcus; RINS, right anterior insula; MCC, middle cingulate cortex; LITG, left inferior temporal gyrus; RITG, right inferior temporal gyrus; LMTL, left medial temporal lobe; RMTL, right medial temporal lobe; LBG, left basal ganglia; RBG, right basal ganglia; and ROFC, right orbital frontal cortex. current study) than the LOOCV (N Ϫ 1; i.e., 31 in the current study) in the training data for feature selection, which might have reduced the performance of multivariate pattern analysis.
Additionally, we performed univariate discriminative analysis by plotting the receiver operating characteristic curve of each demographic and clinical variable, including age, gender, GCS score, CRS-R score, and the time elapsed before fMRI after injury.
Seed-based resting-state functional connectivity analysis. The overlapped region showing a group main effect of FCS, correlation with consciousness level and recovery, and discriminative power was chosen as a "seed" to perform seed-based resting-state functional connectivity analysis. This analysis was adopted to identify specific effects (intranetwork effects, internetwork effects, or both) involved in the abnormal FCS found in the acquired brain injury patients (i.e., to determine which brain regions possess abnormal functional connectivity with the seed). We calculated the Pearson's correlation coefficient between the PCC/ PCU seed time series and every other voxel in the brain, and transformed the correlation coefficient values into z-values using Fisher's r-to-z transformation. Using the PCC/PCU connectivity maps, the same statistical analyses as used for the FCS were performed, including (1) one-way ANOVA on five participant groups; (2) Spearman's correlation analyses with the GCS, CRS-R, and GOS; and (3) multivariate support vector machine analysis of the UWS/VS plus coma patients to characterize awakened or nonawakened status.
Validation analyses. To validate our FCS results, we adopted several procedures to assess the effect of different preprocessing and analytic strategies. (1) The effect of network type: besides the weighted network analysis, we also implemented a binary network analysis. For a binary graph, the FCS of a node is calculated as the number of edges connecting to the node. We calculated the binary FCS with edge significance thresholded at a Bonferroni corrected p ϭ 0.05. We then repeated the same analyses used for weighted FCS, including ANOVA and Spearman's correlation analyses. (2) The effect of data length; after temporal scrubbing of the fMRI data, the number of volumes left for FCS analysis varied across subjects, depending upon the motion curves of each subject ( p ϭ 0.005 for ANOVA across five groups, with MCS and UWS/VS patients having fewer volumes than CONs). We further tested whether data length [whole data after scrubbing with varied number of volumes vs minimum data with the same number of volumes (135 TRs)] would affect our findings. We adopted a strategy that volumes with the largest framewise displacement were removed and the number of volumes left was 135 for each subject (Belcher et al., 2013) . We then calculated the weighted FCS based on the data scrubbed to the same length, and conducted statistical analyses, including ANOVA and Spearman's correlation analyses. correlations and long-range connections. To exclude the potential influence of local autocorrelation on the FCS findings, we recomputed the FCS that set the very short-distance connections (Ͻ20 mm apart) to zero (Power et al., 2011 . At a given voxel, x 0 , the FCS was recomputed as the average correlation between x 0 and other voxels that were Ͼ20 mm from x 0 . (6) The acquired brain injury patients experienced different types of etiology. Traumatic brain injury (TBI) patients comprised the predominant group, with 82 patients including 30 PC, 25 MCS, 17 UWS/ VS, and 10 coma patients (Table 1) . We performed additional analyses on patients with TBI, including a main group effect from ANOVA and Spearman's correlation analyses. ANOVA was conducted among subjects in the control group with 34 healthy control subjects, and 4 TBI patient groups composed of 30 PC, 25 MCS, 17 UWS/VS, and 10 coma patients. Spearman's correlation analyses were performed on the data of 82 TBI patients between weighted FCS and clinical indices, including the GCS, CRS-R, and GOS. Table 2 represents the demographic and clinical features of all participants. There were no significant differences in gender ( ͑4͒ 2 ϭ 3.84, p ϭ 0.43) or age (F (4,128) ϭ 0.45, p ϭ 0.77) among the five groups. There were no significant differences in gender ( ͑3͒ 2 ϭ 3.63, p ϭ 0.30), age (F (3,95) ϭ 0.42, p ϭ 0.74), or the time before fMRI after injury (F (3,95) ϭ 1.51, p ϭ 0.22) among the four acquired brain injury patient groups. Significant differences were observed among the four patient groups on the GCS (F (3,95) ϭ 146.32, p ϭ 1.73 ϫ 10 Ϫ35 ), the CRS-R (F (3,95) ϭ 252.97, p ϭ 3.71 ϫ 10 Ϫ45 ), and the GOS (F (3,95) ϭ 29.99, p ϭ 9.94 ϫ 10 Ϫ14 ). Post hoc analyses showed significantly decreased GCS and CRS-R scores with reductions in consciousness in the PC, MCS, UWS/VS, and coma groups (all p values Ͻ0.05), except between the UWS/VS and coma groups for the CRS-R ( p Ͼ 0.05). The GOS scores of the MCS, UWS/VS, and coma groups were decreased compared with the PC patients, and in the UWS/VS group compared with the MCS group (all p values Ͻ0.05). Of the 32 severe acquired brain injury patients (18 UWS/VS and 14 coma patients), 14 of them awoke within 3 months after the fMRI scanning (i.e., with GOS scores of at least 3, whereas the other 18 patients had GOS scores of Ͻ3; Table 2 ).
Results

Demographic and clinical characteristics
Disrupted functional connectivity strength in acquired brain injury
The five groups showed higher FCS than the global mean, primarily in regions of the DMN (Greicius et al., 2003; Fox et al., 2005) , including the PCC/PCU, the medial prefrontal cortex, and the inferior parietal lobule; in regions of the salience network (SN)/executive control network (ECN; Fox et al., 2005; Seeley et al., 2007; Sridharan et al., 2008; Spreng, 2012) , including the anterior insula, middle cingulate cortex, intraparietal sulcus, and middle and inferior frontal gyrus; and in the visual cortices (Fig. 1) . Several regions, including the medial temporal lobe, inferior temporal gyrus, and basal ganglia, had lower FCS values than the global mean.
Significant differences in FCS among the five groups were primarily located in the DMN, including the PCC/PCU, medial prefrontal cortex, and inferior parietal lobule, and in the SN/ ECN, including the middle cingulate cortex and anterior insula, and the intraparietal sulcus ( Fig. 2A) . Fingerprint plots (Fig. 2B) revealed that FCS decreased in the DMN and SN/ECN with loss of consciousness, and increased in the inferior temporal gyrus, medial temporal lobe, and basal ganglia. Post hoc analyses showed that these group effects were mainly driven by altered FCS in the four patient groups compared with the CONs, and in the MCS, Figure 4 . FCS predicted recovery outcome. A, Five regions showed significant correlations with the GOS score ( p Ͻ 0.05 corrected). Scatter plots showing the difference between the mean fitted FCS in two representative regions (the PCC/PCU and the MPFC) and the GOS score are shown. B, Absolute discriminating maps of multivariate support vector machine analysis of UWS/VS plus coma patients to characterize awakened or nonawakened status 3 months after the fMRI scanning using FCS (clusters with at least 84 voxels were shown). The classifier with the LOOCV demonstrated accuracy of 81.25%, a specificity of 88.89%, and a sensitivity of 71.43%. Scatter plot shows that 2 of 18 nonawakened patients (GOS score Ͻ3, labeled in blue circle) were incorrectly classified, and 4 of 14 awakened patients (GOS score Ͼ2, labeled in red square) were incorrectly classified. MPFC, Medial prefrontal cortex.
UWS/VS, and coma groups compared with the PC group (Fig.  2C-L) . We found that Ͼ90% of the regions that showed decreased FCS with loss of consciousness (i.e., the regions located at the DMN and SN/ECN) were functional hubs (i.e., the 20% of regions with the highest FCS from the control subjects), while 100% of those that showed increased FCS were non-hubs.
Relationships among functional connectivity strength, consciousness level, and recovery outcome in patients Using Spearman's correlation analysis, the resting-state FCS in the DMN, including the PCC/PCU, medial prefrontal cortex, and the left inferior parietal lobule, showed a significant positive correlation with the GCS score, while FCS in the medial temporal lobe/inferior temporal gyrus was negatively correlated with the GCS score (Fig. 3A) . Similarly, FCS in the DMN, including the PCC/PCU and left inferior parietal lobule, was positively correlated with CRS-R scores, whereas FCS in the medial temporal lobe/inferior temporal gyrus was negatively correlated with the CRS-R scores (Fig. 3B) .
Resting-state FCS in the DMN, including the PCC/PCU, medial prefrontal cortex, and left inferior parietal lobule, and in the SN/ECN, including the intraparietal sulcus, positively correlated with recovery outcome, as assessed by the GOS. In addition, FCS in the medial temporal lobe/inferior temporal gyrus negatively correlated with the GOS (Fig. 4A) . More than 80% of the regions that positively correlated with clinical indices were hubs, while 100% of regions that negatively correlated with clinical measures were non-hubs.
Prediction of recovery outcome using functional connectivity strength
Using the classifier trained on FCS and the LOOCV, support vector machine-based multivariate pattern analysis was able to predict whether or not UWS/VS plus coma patients regained consciousness in 3 months with an accuracy of 81.25%, a sensitivity of 88.89%, and a specificity of 71.43%. The most discriminating features were located in the PCC/PCU (Fig. 4B) . The PCC/ PCU region that could predict wakening completely overlapped with the hub regions. Neither clinical nor demographic variables, including the GCS, the CRS-R, gender, and time of fMRI after injury, were effective predictors, except for age (see Table 4 ). This underscores the value of resting-state functional connectivity strength as a tool for predicting future outcome.
As shown in Table 3 , there was a significant age difference between patients who awoke within 3 months and those who did not; awakened patients were younger than nonawakened ones ( p ϭ 0.004). In addition, as shown in Table 4 , age could predict with high accuracy whether or not UWS/VS plus coma patients would be awakened. We controlled for age through both linear regression before multivariate support vector machine analysis and by excluding the five oldest nonawakened patients; thus, there were no significant differences in age ( p ϭ 0.06). We repeated the discriminative analysis based on FCS and revealed a high prediction accuracy of 81.48% (Table 4 ) and key discrimination patterns at the PCC/PCU. In contrast with this sample, using age as an input decreased the rate of accurate prediction to 77.78% (Table 4) . Furthermore, when we excluded the four oldest nonawakened patients (effect of age, p ϭ 0.42), there were minimal changes in classification accuracy (Table 4 , accuracy ϭ 82.61%) and discriminative maps, using FCS as an input. However, with this smaller sample, age was not an effective predictor for dichotomized recovery outcome (Table 4) .
Furthermore, a more detailed analysis using the LTOCV showed that the accuracy of wakening predictions was Ͼ75% (Table 4) . As expected, the accuracy of LTOCV was reduced compared with the LOOCV, which could be due to the smaller sample size used for feature selection.
Specific PCC/PCU circuits correlating with consciousness level and predicting recovery outcome Convergent findings, including the main group effect of FCS, correlation with consciousness level and recovery, and discriminative power, were observed in the PCC/PCU. To identify specific circuits involved in the impairment of FCS in the PCC/PCU, we used it as a seed for resting-state functional connectivity analysis (Fig. 5A, inset) . We showed that the PCC positively correlated with brain regions in the DMN, and negatively correlated with regions in the SN/ECN (Fig. 5) . Main group effects among the five groups were shown both in the DMN and SN/ECN (Fig. 6A) . Fingerprint plots indicate that the strength of both positive and negative correlations with the PCC was decreased in the patients (Fig. 6B) . Post hoc analyses showed that these group effects were mainly driven by altered functional connectivity in the four patient groups compared with the CONs, and in the MCS, UWS/VS, and coma groups compared with the PC group (Fig. 6C-L) .
The positive correlation between the PCC/PCU and regions within the DMN significantly positively correlated with GCS, CRS-R (Figs. 7A, 8 A, B) , and GOS scores (Figs. 7B, 8C ), while the anticorrelation between the PCC and regions within the SN/ECN negatively correlated with clinical measurements (Figs. 7, 8) .
As shown in Figures 6, 7 , and 8, seed-based functional connectivity findings suggest that the disrupted FCS in the PCC/PCU was mainly driven by altered functional connectivity (1) within the DMN and (2) between the DMN and SN/ECN. Using the classifier trained on the PCC/PCU resting-state functional connectivity patterns, the support vector machine was able to correctly classify 64.29% of the patients who regained consciousness and 83.33% of the patients who did not, with an overall accuracy of 75%. Discriminative regions were within the DMN, which positively correlated with the PCC, primarily concentrated in the PCC/PCU and the left anterior inferior temporal gyrus (Fig. 7B) .
Validation results
As shown in Figure 9 , the network type (Fig. 9B ), data length (Fig.  9C ), connection type (Fig. 9D) , global mean signal removal (Fig.  9E) , strong local connections (Fig. 9F ) , and type of acquired brain injury (Fig. 9G) showed minimal effects on group differences compared with our main findings (Fig. 9A) . Different preprocessing and analysis strategies showed a negligible effect on Spearman's correlation with the GCS, the CRS-R, and the GOS ; two-sample t-maps between PC patients and CONs (C), MCS patients and CONs (D), UWS/VS patients and CONs (E), coma patients and CONs (F ), MCS and PC patients (G), UWS/VS and PC patients (H ), coma and PC patients (I ), UWS/VS and MCS patients (J ), coma and MCS patients (K ), and between coma and UWS/VS patients (L) were shown. Of note, there was no significant difference between UWS/VS and MCS patients (J ), between coma and MCS patients (K ), or between coma and UWS/VS patients (L). MPFC/SFG, Medial prefrontal cortex extending to the bilateral superior frontal gyrus; LIPL, left inferior parietal lobule; RIPL, right inferior parietal lobule; LaITG, left anterior inferior temporal gyrus; RaITG, right anterior inferior temporal gyrus; LFP, left frontoparietal regions, including the intraparietal sulcus, insula, middle and inferior frontal gyrus; RaFP, right anterior regions of FP, including the insula, middle and inferior frontal gyrus; MCC, middle cingulate cortex; RIPS, right intraparietal sulcus; LpITG, left posterior temporal gyrus; RMFG, right middle frontal gyrus.
scores, indicating that our results did not depend upon the analytic strategy used.
To show the presence and absence of significant differences among the analytic approaches, we overlapped the main group results from ANOVA with different approaches and determined the frequency of spatial overlap. A similar investigation of spatial overlap was conducted for the correlation analyses between FCS and clinical measurements. The most stable group effect of ANOVA was localized to the PCC/PCU, left intraparietal sulcus, basal ganglia, and medial temporal lobe, while correlations with the three clinical indices were robustly detected at the PCC/ PCU and the left inferior parietal lobule (Fig. 10) .
Discussion
We performed whole-brain investigations of resting-state FCS in a large cohort of patients with loss of consciousness induced by acquired brain injury. We observed altered FCS in the DMN and SN/ECN of patients with a range of disease severities, including PC, MCS, UWS/VS, and coma patients, compared with CONs. We found significant correlations between FCS in the DMN and level of consciousness. In addition, we found significant correlations between FCS in functional networks, including the DMN and SN/ECN, and recovery outcome. Importantly, FCS, mainly in the PCC/PCU, a major hub of the brain, discriminated whether patients experiencing UWS/VS and coma would be awakened within the following 3 months with an accuracy of 81.25%. In addition, PCC/PCU resting-state functional connectivity to the DMN and SN/ECN predicted consciousness level and recovery outcome. Our findings suggest that the FCS of the PCC/ PCU and its functional connections to the DMN and SN/ECN may serve as potential diagnostic biomarkers for the clinical assessment of consciousness level and for the prediction of recovery outcome in acquired brain injury patients.
Disrupted resting-state functional connectivity strength with loss of consciousness
The healthy control subjects showed high FCS (i.e., functional hubs), mainly in regions of the DMN and SN/ECN, which was generally consistent with previous functional (Buckner et al., 2009; Liang et al., 2013; Tomasi et al., 2013) and structural (Hagmann et al., 2008; Gong et al., 2009 ) network studies. Using FCS as a reflection of global brain network connectivity, we investigated for the first time whether the impairment of connectivity associated with acquired brain injury was located at brain hubs or non-hubs, with a large sample of patients whose levels of consciousness varied. We showed decreased FCS associated with loss of consciousness mainly in these hub regions, indicating that acquired brain injury pathology specifically targeted functional hubs. The aberrant FCS of hub regions found in this study is supported by previous structural connectivity studies showing impaired white matter integrity of the DMN in patients with acquired brain injury (Sharp et al., 2011; Fernández-Espejo et al., 2012) . Our current largesample, seed-based, resting-state functional connectivity analyses, together with previous small-sample, resting-state fMRI studies, showed convergent decreased connectivity within the DMN (Boly et al., 2009; Norton et al., 2012) , within the SN/ECN (Ham et al., 2014) and between the DMN and the SN/ECN (Boly et al., 2009) in patients with acquired brain injury. These functional connectivity analyses provided further evidence for the impairment of specific circuits that contributed to our FCS findings. Overall, the large patient populations with varied levels of consciousness included in the current study allowed us to draw much more definitive conclusions about the disruption of the DMN and SN/ECN in patients with acquired brain injury.
In contrast, increased FCS associated with loss of consciousness was shown in the medial temporal lobe, the inferior temporal gyrus, and the basal ganglia. Regions with increased FCS might present an adaptive or compensatory response to the loss of consciousness (Sharp et al., 2011; Achard et al., 2012; Caeyenberghs et al., 2012) . Increased FCS in the medial temporal lobe associated with loss of consciousness is supported by a previous seed-based, resting-state functional connectivity study showing hyperlimbic connectivity between the medial temporal lobe and the ventral tegmental area in UWS/VS and MCS patients (Di Perri et al., 2013) . Hyperconnectivity of the thalamus (part of the basal ganglia) has also been observed in patients with mild traumatic brain injury (Tang et al., 2011) , which is consistent with our observation that increased FCS in the thalamus is associated with loss of consciousness. Correlation between functional connectivity strength and consciousness level Previous studies have predominantly focused on differences in brain connectivity between groups under different consciousness states (Boly et al., 2009; Achard et al., 2012; Pandit et al., 2013) . Relationships with consciousness levels indexed by the CRS-R or the GCS have seldom been reported, which might be because of the small sample sizes ( and because certain important network features, such as FCS, have not been sufficiently emphasized in the previous studies. In this study, we showed that FCS of the DMN correlated with GCS and CRS-R scores, thus greatly expanding on previous small-sample studies . Thus, our findings suggest that disruptions of FCS in these specific regions might reflect the degree of consciousness loss, and contribute to our understanding of the neural mechanisms of consciousness and the pathophysiology of acquired brain injury
Resting-state functional connectivity strength predicted recovery outcome in acquired brain injury Early and accurate prediction of the outcome for patients with loss of consciousness is frequently required for clinical care, prognosis, and medical-legal decision making (Lee et al., 2012; Sharp et al., 2014). Prediction of recovery outcome has been investigated using clinical and neuroimaging variables, which demonstrated that diffuse axonal injury was a potentially useful predictor (Lee et al., 2012) . Recently, glucose metabolism of the frontoparietal cortices, assessed using 18 F-fluorodeoxyglucose PET, was shown to correctly predict recovery outcome with an accuracy of 74% (75 of 102 patients), whereas supplementary motor cortex and parahippocampal gyrus activation during a mental imagery task, assessed by fMRI, had a prediction accuracy of 53% (36 of 65 patients; Stender et al., 2014) . By examining resting-state functional connectivity, we showed that higher FCS in the DMN and SN/ECN during the baseline state predicted better recovery outcome in 3 months. Further, using multivariate support vector machine analysis, we showed that the PCC/PCU was a key region for predicting whether UWS/VS and coma patients would be awakened in 3 months, with 81.25% accuracy, and with both high sensitivity and specificity. The high accuracy (i.e., generalization rate of our discriminative analysis) would be informative for clinical care and medical-legal decision making. Those UWS/VS and coma patients predicted to be awakened in 3 months would be more likely to benefit from optimistic treatment decisions. This finding contrasted with the observations that age, gender, time before fMRI after brain injury, and the GCS and CRS-R scores cannot be used as effective predictors for GOS scores (Table 4) .
The critical role of the PCC/PCU in consciousness recovery was supported by the finding that coma patients who subsequently regained consciousness showed preserved PCC/PCU resting-state activity, whereas it continued to be disrupted in those coma patients who did not recover (Norton et al., 2012) . Furthermore, our analysis of seed-based resting-state functional connectivity of the PCC/PCU demonstrated that the strength of correlation within the DMN and anti-correlation of the DMN with the SN/ECN were crucial to the consciousness level and recovery outcome. The PCC/PCU is a central hub of the brain (Buckner et al., 2009; Liang et al., 2013; Leech and Sharp, 2014) , with dense anatomical and functional connections (Hagmann et al., 2008; Buckner et al., 2009; Liang et al., 2013) and high baseline metabolism (Raichle et al., 2001; Liang et al., 2013) . The PCC/ PCU has been shown to play a pivotal role in consciousness (Leech and Sharp, 2014) . Here, we provide further evidence that this region is critical for consciousness recovery. Our findings imply that the intrinsic functional connectivity patterns of the posteromedial cortex might serve as general biomarkers and predictors of therapeutic recovery, especially in patients with acquired brain injury.
Limitations and future work
This study has several limitations. First, we included four groups of acquired brain injury patients, but the sample sizes for UWS/VS and coma were relatively small. Larger sample sizes for patients in all of the categories are needed for further studies; these studies would require multicenter collaborations. In addition, the radiological findings of lesion locations were heterogeneous across patients with acquired brain injury. The impact of the location and severity of a lesion on functional connectivity and consciousness loss needs further study using large samples. Second, although there was no significant difference in the time before fMRI after injury, there was a large difference in the average time since injury among different subgroups of patients, especially between coma and PC patients. However, we have controlled for the effect of time before fMRI through linear regression in the statistical model, and we will better match the time effect among subgroups in future studies by recruiting more PC patients with shorter times since injury. Finally, the PCC is highly heterogeneous (Leech et al., 2011; Leech and Sharp, 2014; Liang et al., 2015) . Here we used a univariate seed-based approach to study the connectivity of the PCC, which might overlook its heterogeneous characteristics. In future studies, investigations of the functional connectivity of the PCC at a finer spatial scale and the use of multivariate approaches should be considered.
Conclusions
We included a large number of patients with varied levels of consciousness loss and matched control subjects in the current study, and demonstrated significant correlations between functional connectivity and clinical measurements. Furthermore, the current prediction analysis demonstrated the novel and strong Figure 9 . Validation of the FCS findings. A-G, Main group effect of FCS, and correlations between FCS and GCS, CRS-R, and GOS scores ( p Ͻ 0.05 corrected) calculated by weighted network (our main findings; A), binary network (B), weighted network with shortest data length (number of TRs ϭ 135; C), weighted network with only positive connections considered (D), weighted network without global signal removal (GSR; E), weighted network without local connections (excluded local connections that were within 20 mm; F ), and weighted network with TBI only (G).
